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NATIONAL ADVI30HY COMMITTEE FOR AERONAUTICS 

ADVANC3 CONFIDENTIAL REPORT 

PROFILE-DRAO COEFFICIENTS OF CONVENTIONAL AND L0W-DRA8 

AIRFOIL3 AS 03TAINSJ IN FLIGHT 

By John A. Zalovcik 

The results of flight investigations of the profile 
drag of several carefully finished conventional ana low- 
drag alrfoila are presented. Tha results indicated that 
in all ce.se* lower profile-Jr&g coefficients wer<» 
obtained with the low-drag than with the conventional 
airfoils over the rangn of lift coefficient taste'1, end 
that, for comparable condition's of lift coefficient. and 
Reynolds number, the, low-drafj airfoils iuay have wofllc- 
drag coefficients which ar.9 at ls&at 27 percent lower 
than the profile-drag coefficients of the conventional 
airfoils. 

INTRODUCTION 

A number of flight Investigations have been 
conducted by the National Advisory Committee for 
Aeronautics during the puat several yeara to determine 
the profile drag of various conventional and low-drag 
airfoils. The purpose of this report is to present 
the principal results of these investigations in order 
to provide information that may ba of assistance in 
Judging the relative merits of conventional und low- 
drag airfoils. 

AIRFOILS TESTED 

The various airfoils tested were the NACA 27-212, 
NACA 35-215, NACA 66,2-2(ll4..7), NACA 6li,2-(l.l».)(13.5), 
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NACA 2Jjl4.5»  N-22,  and two Republic S-3 sections,   one 
11 nercent; thick and  the othe1" 13 percent  thick.    These 
two sections are designated Republic S-3,11 ind Repxib- 
llo 3-3,13  In  ttl3 pp^er.     Flight tests or the 
FACA 6((.,.?»(l.!t)(13.5) and  the VkC\ P.L.3-';..S airfoils are 
rsoorted In references 1 and 2,   r33pective3y.    'Che pro- 
files of the airfoils  tested are shewn In figure  1. 
The KACA 27-212 and KACA 55-215 air,V.U sncr.ions were 
built Into (.viols,  around  tl:e "/j.r.^a  o."  tho tirp.'.arssa on 
which  they neve   tested.     The  ohhers were  sections  of 
the flctuai win;;» or the  test aiirlam.s.    The arrangement 
of the   test panels anci  the  spanwise ücsJtlons  of  the 
wing sectors  tasted era  shown Jn plan form In figure 2. 
The  airfoil designatien NACä 6i+>c>(l ,h.) (13 .5 ),  which is 
the   test section, of the N/i.'JA-MaA (;«orth American Avia- 
tion,   Inc.)  comr.ro-nl3e  lov:-drsi-3 wl-ii, t.a.i );ased on  the 
maximum thickness and rn •'".he ptvisdore-dlstrlbution 
characteristics conputed  frc.n tho moatured ordinat.38 
of the  test seition.     Tho designation NACA 66,2-2(lij..7) 
was similarly deter.nlr.ed. 

The NACA 2<';llj.5,  FepubUc 3-3,11,  Republic S-3,13, 
and N-22 sect loan w' be  clsssli'ied  as  eo.i'-entior-al 
alrfoiJs  und   thu KACA 6k,2-( l,i(.) (13.4 ),  HACA 27-212, 
NACA 3S-21S,  and MCA 66,2-2(14.7)  sections,  a3 lew- 
drag airfoils. 

All  the  alrfolli  tested wsre  carefully smoothed 
and fa'.red  to eliminate  perceptible  nrotuuni-ancos due 
to rlvrts,   skin Joints,  and access doors.     Surface 
wnvlnnr.s,  however,  wan •preiort ^o varvlous  äe&rejs  on 
the d'iferpnt aVrfcili.     Surface waviness v;.-\s -lensi-red 
bv use  of a cur'/atvre £age  of tie  tyje  ahjwr.  In  fig- 
ure 3 on the ur-aer aur-^csj of  i:h6 NAOA 33-215  and 
Republic S-3,13 airfniis  and on the toner and  lower 
surfaces  oC the  NACA 6U,2-(l.l|.)(13.5),  KACA C6,2-2(l!j..7), 
and Republic S-3,11 airfoils.    No waviness Measurements 
were  obtained  for  the  other airfoils. 

The  curvature-gage rrsasuremnnts  on the NACA 35-215, 
NACA öj.,2-(l.l(.)(13.5),  NACA 66,2-2(1!+.7),   Republic  S-3,11, 
and Republic S-3,15 airfoils were xado with  the  legs 
of the gage  spaced 1.2,  3»S, i|..G, k-0,   and 3.0 percent 
of  the  section chord,   respectively.     In order  to 
present these measurements on a comparable basis,   the 
measurements on the KACA 35-215,  NACA 6J(.,2-(l.lj.)(13.5)f 
and Republic S-3,13 airfoil3 ware reduced to values    d 
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that a gage would give If the legs were spaced lj..O per- 
cent of the section chord c. This reduction was made 
to the first order of approximation on the assumption 
that the readings of a curvature gage were proportional 
to the square of the leg spacing. The reduced measure- 
ments together with the measurements on the 
NACA 66,2-2(1^.7) and Republic S-3,11 sections are 
presented In figure J+ as plots of d/c against a/a, 
where s Is the distance along the surface from the 
leading edge. The dashed lines In figure if. indicate 
the approximate curvature-gage readings that would he 
obtained If the surfaces were free of waviness. 

It should be pointed out that wing distortion 
lft flight may introduce waviness considerably different 
from that measured.  This effect Is probably adverse 
and may be expected to vary considerably with wing 
construction. 

Tho destabilizing effect on the laminar boundary 
laye» due to waviness of a given magnitude increases 
as the chordwtse velocity gradient becomes less favorable 
(or more adverse). The chordwise velocity distribution 
for the various airfoils at a section lift coeffi- 
cient cj  of 0.20 have therefore been included In 
figure Ij..  The volocity distributions were calculated 
for the undlstorted airfoil profiles by the method of 
reference 3. The velocity distributions are given as a 
»lot of the ratio n/U0 against a/a,   where Ü Is 
the local velocity outside the boundary layer and 
U0 is the free-stream velocity. 

PROFILE DRAG 
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The profile-drag coefficients were evaluated from 
wake surveys of the  various airfoils by the method of 
reference /+ and compressibility corrections were applied 
as In reference 5.     In figure 5 the section profile- 
drag coefficients    0,3      and the corresponding Reynolds 

numbers    R    are  plotted against section lift coeffi- 
cient    CT.     The Mach numbers of tho  tests wore  less 
than 0,55. 

Prom figure 5 it may be aeon that all the low-drag 
airfoils gave lower profile-drag coefficients than the 
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conventional airfoils over the range of lift coefficient 
tested.    The  lowest profile-drar; coefficient,   a value 
of O.OOjj.0,  was measurod on the IIACA 27-212  section at 
a lift coefficient of 0.28 end a Reynolds number 
of 7.If. x  I0fc.     The NACA 27-212 airfoil,  however,   Is not 
considered a particularly desirable  airfoil because,  as 
indicated by wind-tunnel  tests,   low drag is  obtained 
only over a relatively small range of lift coefficient 
and   the  pressure  gradient at tlic  trailing edge   la 
unneoessarily severe.    Ac Reynolds numbers  in  the ran^e 
from 15 x 10° to 20 x 10°,  now commonly encountered by 
fighter-type  aircraft,   rroflle-.i.rtig coefficients 
of 0.00l;5  and   0.C052 v/er.i measured m  the MACA 6C,2-2{lk-7) 
and NACA 6I:.,2-(1 .k) (15 .5 )  uirfoi3s,  respectively.     At 
Reynolds numbers  frov. 22  x  IC°  to 31 x 10J, a orofile- 
drag coefficient cf O.CO.'i'} v.as  ottaineu on  th9 
NACA 35-215  airfoil. 

The lowest profile-drag coefficient obtained on 
the conventional wins sections «»p.3 0.0062 and was 
measured on *he Reni.'blfc 3-3,11.    The lowest profile- 
drag coeffie'en bs obtained en   the ether conventional 
3»ctions wore 0.ncc7  for  the  Republic S-3,13 and 0.0066 
for the NACA 2ij.lJ;..5.    All  these   vfluos were obtained at 
low lift ooefficlei-ts  in  the range  of Reynolds number 
from 15 x 10°  to 20 x  10^.     On   the N-22 section only 
one  value  of profile-drag coefficient,   0.00"C,  was 
obtained,  which was  at  the  relatively high lift coeffi- 
cient of 0.50 and  the  low Re^nolüs number of J4..4 x 10*'. 

The rosults for  the  NACA 66,2-2(1]+.7)  and Repub- 
lic S-3,11 sections were  obtained for the  -iost nearly 
comparable  test conditions  -  that is,  lift coefficient, 
Reynolds n'jraber,  and win.s-3urfaoe preparation - and are 
therefore best suited for the comparison of the profile- 
drag characteristics of low-drag and conventional air- 
foils.     At a lift coefficient ox' 0.20 and a Reynolds 
number of 16 x 10^  the profile-drag coefficients  for 
the NACA 66,2-2(lU.7)  and Republic  3-3,11  sections were 
O.OOI4.5  and  O.OO62,   respectively.     The rrcflie-drag coef- 
ficient of  the t-'ACA 66,2-2(1.';.7)  section is  thus 0.0017, 
or 27 percent,   lower  than  the  profile-drag coefficient 
of tha Republic S-3,11 section. 

Unpublished  tests   !n  the  N'iCA two-dimensional low- 
turbulence pressure  tunnel of a section apororlntatlng 
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the NACA 66,2-2(14.7)  indicated a profile-drag coeffi- 
cient of O.OO^lj. at a lift coefficient cf 0.20 and a 
Reynolds nuirber of 16 x 10».    Similar teats (unpublished) 
of IIACA 230-series  airfoils  indicated a profile-dra3 
coefficient of O.OOo?  for en NACA 2:5011 sootion at a 
lift coei'.j'iciant of 0,20 and a lieynoida number 
of 9 x  10u.     The Republic ?-3 sections have  pressure- 
distribution characteristics  that are  very nearly those 
of the N4CA 230-3eries  sections and nay therefore be 
expected tc have  tho  samo drag cbaracteri3tic3.    Inas- 
much aa  the  surfaces of  the NACA 66,2-2(11«..7)  airfoil 
tested in flight were  carefully finished tc  give  a very 
low degree  of wavinea3  (flea, hiß)  and  (h>),  probably 
comparable with  that of the  tunnel model,   the con- 
siderably greater drag rnoaimrjd in  flight as compared 
with the  value  obtained  in the   tunnel is believed to be 
due  to an increase  in surface 'vaviness associated with 
wing distortion under air loads.    The better agreement 
between the  flty'-t and  tunnel results  for tre conven- 
tional sections ray Irdiaate   that  th«? position o*" 
transition is  so far forward  on theso  sections  that it 
,1s not materially affected t-y an increase  in surface 
wavlness resulting from loads  imposed on  the wing in 
f light. 

COKCLUDIBO ÄSMA3KS 

The results of profile-drag teats 
smoothed airfoils  indicated  that in all 
profile-drag coefficients were obtained 
airfoils  than on conventional airfoils 
of lift coefficient t&stad.     The  result 
that,   tor comparable  ccndition3 cf lift 
Reynolds number,   the  lew-drug airfoil 
drag coefficients which are at leest 27 
than the profile-drag coefficients for 
airfoils. 

of various 
cases  lower 
on low-drag 

over  tho ran^e 
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coefficient and 

as ay have profile- 
percent lower 

the conventional 
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Figure 1.- Profiles of various airfoil sections  tested 
In flight. 
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(aJ   Republic  S-3,11  airfoil,   lower surface 
(b) Republic S-3,11  airfoil,   upper surface. 
(c) Republic  S-3,13 airfoil,   upper surface. 

Figure  4.- Surface waviness and  velocity distribution 
(at C[ • 0.20) over various airfoils. (Dashed lines 
indicate approx. gage readings for surfaces free of 
waves.) 
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(d) NACA 64,2-(l .41(13.5)  airfoil,   lower surface. 
(e) NACA 64,2-<1.4H13.5)  airfoil,   upper surface. 
(f) NACA 36-215  airfoil,   upper  surface. 
(g) NACA 66,2-2(14.7)  airfoil,   lower  surface, 
(h) NACA 66,2-2(14.71   airfoil,   upper  surface. 
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Figure  5.- Comparison of  profile-drag coefficients   ob- 
tained  in  flight  on various  conventional  and  low-drag 
airfoils.     Reynolds  number  for corresponding lift 
coefficients   given above. 
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